The unpolarized semi-inclusive deep-inelastic scattering (SIDIS) differential cross sections in 3 He(e, e ′ π ± )X have been measured for the first time in Jefferson Lab experiment E06-010 performed with a 5.9 GeV e − beam on a 3 He target. The experiment focuses on the valence quark region, covering a kinematic range 0.12 < x bj < 0.45, 1 < Q 2 < 4 (GeV/c) 2 , 0.45 < z h < 0.65, and 0.05 < Pt < 0.55 GeV/c. The extracted SIDIS differential cross sections of π ± production are compared with existing phenomenological models while the 3 He nucleus approximated as two protons and one neutron in a plane wave picture, in multi-dimensional bins. Within the experimental uncertainties, the azimuthal modulations of the cross sections are found to be consistent with zero.
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I. INTRODUCTION
One of the main goals in nuclear and particle physics is to unravel ultimately the nucleon structure in terms of quarks and gluons, the fundamental degrees of freedom of quantum chromodynamics (QCD). Due to the nonperturbative nature of QCD at hadronic scales, it is not possible yet to calculate the structures of hadrons directly from first principles of QCD. The lepton-nucleon/nucleus deep inelastic scattering is an important experimental approach and has been widely employed for more than 40 years. During the last decade or so, both experimental and theoretical studies have revealed the nontrivial effects of quark intrinsic transverse momentum, especially spin-related, probed by the SIDIS processes.
In polarized and unpolarized SIDIS processes, azimuthal modulations of cross sections were found to be sizable [1] [2] [3] [4] . The intrinsic transverse momenta of the quarks are expected to play an important role in the observed modulations [5, 6] . To incorporate the intrinsic transverse momentum carried by the partons in the description of the SIDIS processes, Transverse Momentum Dependent (TMD) Parton Distribution Functions (PDFs) and Fragmentation Functions (FFs) were proposed [7, 8] . TMD PDFs and FFs include dependence on the transverse momentum of the partons in addition to the longitudinal momentum used in the traditional one-dimensional PDFs and FFs, and can provide more complete understanding of the nucleon structure. A TMD factorization formalism was developed, incorporating the TMD PDFs and FFs [9] [10] [11] [12] . Within the TMD factorization framework, plus additional simplifications and assumptions, the 18 structure functions comprising the SIDIS differential cross section, are expressed as the convolutions of TMD PDFs and FFs [13] (naive x-z factorization). TMD PDFs and FFs have been parameterized and utilized in the phenomenological studies of the world data of SIDIS and e + e − annihilation [14] [15] [16] [17] . An example showing the power of this factorization scheme is the agreement between the model description and the experiment for the Sivers and Collins effects [14] . The Sivers effect emerges from the convolution of the Sivers TMD PDF and the unpolarized TMD FF. The Collins effect is from the convolution of the transversity TMD PDF and the Collins TMD FF. Sivers and Collins effects * Corresponding author: xy33@phy.duke.edu † Deceased are related to different azimuthal modulations in SIDIS differential cross sections with transversely polarized nucleon [13, 14] . Nontrivial azimuthal modulations in unpolarized SIDIS processes arise from the convolution of unpolarized TMD PDF and FF with factors involving the quark intrinsic transverse momentum, known as the Cahn effect [18] , and the convolution of the Boer-Mulders function and the Collins function, known as the BoerMulders effect [8] . Various TMD PDFs provide valuable anatomy of the nucleon structure. For instance, the BoerMulders TMD PDF describes the distribution of transversely polarized quarks inside an unpolarized nucleon [14] . While factorization originates in the high energy limit (Q ≫ Λ QCD or Q ≫ M nucleon ) [19, 20] , and at low Q 2 the description using hadronic degrees of freedom are more widely used [21] , the applicability of the quark-parton model with factorization in modest Q 2 ranges has been observed in quark-hadron duality [22, 23] . One needs to note that at modest Q 2 ranges, higher-twist terms suppressed by powers of (1/Q) would be larger than those in the range of large Q 2 , and could bring non-negligible effects [15] .
While SIDIS measurements on the proton have been carried out by a number of experiments [14] [15] [16] [17] [22] [23] [24] [25] [26] [27] and more data will be available, SIDIS data on the neutron are rather limited. Since there is no stable neutron target, using a polarized 3 He target as an effective polarized neutron target for experimental studies related to the spin structure of the neutron is uniquely advantageous, due to the dominant neutron spin contribution to the 3 He spin [28] . The SIDIS experiment E06-010 in Hall A of Jefferson Lab was carried out with a 5.9 GeV polarized electron beam and a transversely polarized 3 He target, between October 2008 and February 2009. The experiment covered a kinematic range 0.12 < x bj < 0.45, 1 < Q 2 < 4 (GeV/c) 2 , 0.45 < z h < 0.65, and 0.05 < P t < 0.55 GeV/c. Studies on the data of E06-010 for single-spin asymmetries (SSAs) and double-spin asymmetries (DSAs) have been carried out [29] [30] [31] [32] . These first SIDIS asymmetry results from 3 He as an effective neutron target were related to TMD PDFs such as transversity, Sivers, pretzelosity, trans-helicity (g q 1T ) and TMD FFs such as Collins.
The unpolarized SIDIS differential cross section, while the spin dependent azimuthal modulations are canceled, still involves nontrivial modulations from the Cahn and Boer-Mulders effects. The unpolarized SIDIS differential cross section in the quark-parton model as well as the parameterization of the related TMD PDFs and FFs are presented in section II. As in the studies of the world data [5, [15] [16] [17] , the SIDIS cross section is expressed in the functional form based on the quark-parton model with naive x-z factorization, and the transverse momentum dependence described as a Gaussian distribution. In global analyses fitting different types of data (multiplicities and/or asymmetries) in different kinematic ranges, very different values were extracted for the width of the quark intrinsic transverse momentum, k 2 ⊥ . Namely k 2 ⊥ is at the level of 0.2 GeV 2 in [5, 17] , at the level of 0.5 GeV 2 in [16] and less than 0.05 GeV 2 in [15] . While the multiplicities and asymmetries from experiments have been fitted with ratios of combinations of the theoretical cross sections, as in the studies of the world data [5, [15] [16] [17] , the corresponding study for the absolute cross sections is rather limited.
In addition to the fact that the absolute cross sections provide more complete information than multiplicities and asymmetries (ratios of combinations of the polarized and unpolarized cross sections), TMD evolution also has much stronger effect on the absolute cross sections [33] . In recent years, the unpolarized SIDIS processes have attracted considerable interest due to providing special insights into the TMD evolution effect [34] .
In this paper, using the E06-010 experimental data, we present the first extraction of the unpolarized SIDIS differential cross sections from a 3 He target, comparisons with different models, the study of azimuthal modulations in the extracted cross sections, and the constraints on the phenomenological parameters from the data in this study. In this paper, the units GeV/c and GeV are not discriminated for conciseness of expressions.
II. QUARK-PARTON MODEL AND SIDIS PARAMETERIZATION
The processes of interest are the unpolarized SIDIS e(l)
, where the variables in the parentheses are the four-vector momenta, e the beam electron, N the target nucleon, e ′ the scattered electron being detected, π ± the detected hadron (charged pion) and X the final state particles not being detected. The unpolarized SIDIS differential cross section is expressed as
where α is the electromagnetic fine-structure constant, [13, [15] [16] [17] . φ S is the azimuthal angle of the nucleon spin direction, and can be integrated out in the unpolarized SIDIS process yielding an additional 2π factor for the F UU 's. The reference frame and the definition of the azimuthal angle φ h between the lepton scattering plane and the hadron plane follow the "Trento Conventions" as in [35] . The transverse momentum of the detected hadron is denoted as P t .
The structure function F UU involves a convolution of the unpolarized TMD PDF f q (x bj , k ⊥ ) and TMD FF D q (z h , p ⊥ ), where k ⊥ is the intrinsic transverse momentum of the parton and p ⊥ the transverse momentum of the fragmenting hadron with respect to the parton. The structure function F cos φ h UU at the lowest twist (twist-3), consists of a Cahn contribution and a Boer-Mulders contribution. The structure function F cos 2φ h UU consists of a twist-2 Boer-Mulders contribution and a twist-4 Cahn contribution. The Cahn contributions involve the convolution of the unpolarized TMD PDF f q (x bj , k ⊥ ) and TMD FF D q (z h , p ⊥ ). The Boer-Mulders contributions involve the convolution of the Boer-Mulders TMD PDF ∆f q↑ (x bj , k
A unit vector is defined for convenience as h ≡ P t /|P t |. The structure functions are given below with the momentum conservation condition P t = z h k ⊥ + p ⊥ .
The experiment E06-010, as introduced in section I and published studies of this experiment [29] [30] [31] [32] , produced data sets with a polarized 5.9 GeV electron beam and a transversely polarized 3 He gas target. The scattered electrons were recorded by the BigBite spectrometer and the electroproduced pions (π ± ) were recorded by the High Resolution Spectrometer (HRS). To study the unpolarized SIDIS processes, the data with opposite polarization states were combined. The charge difference between the two opposite beam polarizations for the entire experiment was less than 10ppm [32] . The net 3 He polarization after data combination is less than 0.5%.
In the experiment, the target system consisted of a 40-cm-long glass cell containing about 10 atm of 3 He polarized by spin-exchange optical pumping [37] . The direction of the 3 He polarization was flipped every 20 minutes. At each flip, the percentage of the 3 He polarization was measured and recorded. The temperature and density of the 3 He gas in the target cell was monitored and recorded in the data together with the information from the detectors. The BigBite spectrometer consisted of a single dipole magnet, eighteen planes of multiwire drift chambers in three groups and a scintillator plane between the leadglass preshower and shower calorimeters. The knowledge of the magnetic field and the information from the drift chambers, were used to reconstruct the tracks of charged particles. The trigger was formed by summing the signals from the preshower and shower calorimeters. The preshower and shower energy deposition with the reconstructed momentum were utilized for the particle identification (PID) in BigBite [38] .
The HRS was configured for hadron detection. The trigger was provided by two scintillator planes. Four detectors in the HRS were used for PID: a CO 2 gaš Cerenkov detector for electron identification, an aerogeľ Cerenkov detector for pion identification, a ring imagingČerenkov (RICH) detector for π ± , K ± , and proton identification, and two layers of lead-glass calorimeter for electron-hadron separation [38] [39] [40] .
IV. DATA ANALYSIS
The data analysis for the unpolarized SIDIS differential cross section is more complicated than that for the asymmetry studies due to the need of a thorough understanding and description of the experimental acceptance as well as a good control of the systematic uncertainties, some of which were less important due to the cancellation in the asymmetry studies. Dedicated developments and updates of the detector models in the simulation enabled a good description of the experimental acceptance, and have been successfully used in single electron channels as well as coincidence SIDIS channels. Detailed studies of the systematic uncertainties have been carried out thoroughly for the cross section extraction and the overall systematic uncertainty is mostly under 10%. In addition, radiative corrections, exclusive tail subtractions and bincentering corrections have been applied. The additional studies important for the analysis of the SIDIS cross sec-tion beyond the asymmetry studies of this experiment [29] [30] [31] [32] 39] are presented below.
A. Monte Carlo simulations
For a full description of the experimental acceptance of E06-010, a model for the BigBite spectrometer used in E06-010 for electron detection has been developed and incorporated into the SIMC package [41] which was initially developed for Hall C experiments and used for the semi-inclusive studies in Hall C [22] . It was adapted for this experiment [42] . It contains a realistic description of various detectors including the HRS used in the experiment E06-010 for hadron detection. The energy loss, multi-scattering, pion decay processes have also been included in the SIMC package.
The detector model of BigBite was tested by using the calibration runs of elastic electron-proton (EP) scattering at incident electron beam energies of 1.23 and 2.4 GeV (Fig. 1) , as well as the inclusive DIS channel from the 3 He production data at 5.9 GeV (Fig. 2 ) by using the single BigBite trigger. Inclusive DIS data from H 2 reference runs and 3 He production runs at 5.9 GeV with the single HRS trigger have been used to test the description of the HRS experimental acceptance (Figs. 3 and 4) .
B. Data corrections and cross section extraction
Corrections need to be applied to the raw data for cross section extraction, namely the efficiency correction, contamination/background subtraction, acceptance corrections, radiative corrections and bin-centering corrections.
The PID of electrons in BigBite was based on the combination of a cut in the preshower energy deposition and a 2D cut in the ratio of total shower energy deposition and the reconstructed momentum in order to suppress the π − contamination. The PID cuts were optimized by minimizing the loss of electron events and maximizing the suppression of the π − contamination. The portions of the remaining π − contamination and the loss of electron events were estimated based on fitting and discriminating the π − and electron signals in the preshower calorimeter. The data after the PID cuts were corrected by subtracting the remaining π − contamination and compensating for the loss of electron events. The remaining π − contamination contributed from less than 0.1% to 6% to the signal after the PID cuts, with descending range of electron momentum. The loss of electron events varied from 2% to 30% with descending range of electron momentum.
The π 0 , from the electroproduction, decays into two photons. The high energy photons create the photon-induced electron contamination through the pairproduction process. The percentage of this contamination in the total electron events was determined by comparing the positron yield in the BigBite with the reversed magnetic field and the electron yield in the BigBite in the production runs. The photon-induced electron contamination was then subtracted. The photon-induced electron contamination contributed 2% in high electron momentum range and up to 40% in low electron momentum range, in the total electron events of the BigBite spectrometer.
The PID of π ± in the HRS was based on the combination of gasČerenkov, aerogelČerenkov and lead glass calorimeter signals. The loss of π ± events (∼5%), negatively charged non-pion hadron and electron contamination to π − events (<0.5%) and positively charged nonpion hadron contamination to π + events (<1%) have been evaluated and included in the correction.
The experimental acceptance was described by the Monte Carlo simulation with the BigBite and HRS models, both of which have been checked by single electron channels. The acceptance correction was based on the Monte Carlo simulation with the same kinematic cuts as applied to the data. The number of events in each bin from the simulation weighted by the theoretical cross section N sim divided by the non-weighted simulation with the same kinematic cuts in the same bin N phs , becomes the (averaged) theoretical cross section in this bin. The same was done for the data events N data , forming a quantity N data /N phs in each bin from which the experimental cross section can be determined after applying other data corrections in addition. More details for the acceptance correction can be found in Appendix A.
There were complicated and time-dependent drifts of the total shower energy threshold for the BigBite trigger during the experiment. To address this issue, a total shower energy cut of E tot > 900 MeV was used, high enough to override the fluctuations of threshold-related inefficiency, but not too high to significantly reduce the kinematic range and valuable data. A description of the total shower energy deposition was developed and included in the BigBite model of simulation, based on the experimental data from the BigBite calibration runs and checked by the production runs. Simulations with the same total shower energy cut were used for the BigBite trigger efficiency correction.
The tracking efficiency of BigBite was evaluated using the elastic EP scattering with well-known cross sections and state-of-the-art radiative corrections. Two beam energies, 1.23 and 2.4 GeV, were used in the elastic EP runs, covering low and high momentum acceptance of the BigBite spectrometer. The tracking efficiency was also checked using the inclusive DIS channel in the 3 He production data. The tracking efficiency was estimated to be 73% to 75%.
The contribution from the exclusive channels e + p → e ′ + π + + n and e + n → e ′ + π − + p were subtracted using simulation with a cross section model tested in the kinematic range of this experiment [22] . The contributions from the exclusive channels were from 2% to 7.5% in the π + production channel and 0.5% to 3% in the π − production channel. The internal radiative corrections for the SIDIS channels were carried out using the HAPRAD package [43] . The radiative corrections based on Mo and Tsai [44] built in SIMC were used as a comparison and to estimate systematic uncertainty [22] . The energy loss, multi-scattering effects and π ± decay were simulated using the established components of SIMC, while the radiation length and materials were defined based on the configuration of the experiment E06-010.
The bin-centering corrections were based on the quarkparton model used in comparison with the data. In each of the bins, the central value of each variable involved in the SIDIS cross section was found experimentally and differed by less than 0.5% from the Monte Carlo simulation. The bin-centering correction for the cross section from the data in one bin is defined as
where σ BCC exp is the SIDIS differential cross section extracted experimentally, after the bin-centering correction with experimental central values of variables (x bj , z h , Q 2 , φ h , P t ). σ theory is the theoretical SIDIS differential cross section with the same values of variables. σ was determined by applying all the corrections to the raw data, namely the efficiency corrections, contamination/background subtractions, radiative corrections and acceptance corrections. σ bin MC was determined by applying the acceptance corrections to the Monte Carlo simulation weighted by the theoretical SIDIS differential cross section.
C. Systematic uncertainties
The systematic uncertainties related to the electron detection in BigBite were dominated by the determination of the photon-induced electron contamination and the evaluation of the efficiency of the total shower energy cut which was applied to remove the effect from the drift of the threshold. The photon-induced electron contamination contained the uncertainty of determining the positron yield from which a large (up to 50%) portion of π + was evaluated and subtracted. The efficiency of the total shower energy cut involved increasing uncertainties due to increasing effect of the threshold drift, in descending momentum range.
To evaluate the systematic uncertainties above, the cuts on preshower energy deposition, total shower energy deposition and reconstructed momentum have been varied around the optimized values. Each set of cuts corresponds to a specific efficiency and contamination. The data have been corrected under sets of varied cuts besides the optimized one. The root mean square value of the differences of the corrected data yields with varied cut sets from the optimized set have been used to define the systematic uncertainties.
The total systematic uncertainties related to the electron detection in the BigBite are in the range from 3% to 10% depending on the kinematics.
The systematic uncertainties of the PID of π ± events in the HRS were determined to be less than 2%, using the well-established techniques in the previous studies of this experiment [29-32, 38, 39] .
In the coincidence channel for SIDIS, the systematic uncertainties in the experimental acceptance corrections by the simulation were determined by putting a series of kinematic cuts besides the central optimized set to both the data and the simulation. The total systematic uncertainties from the acceptance corrections are between 5% to 10% depending on the kinematics.
The systematic uncertainties related to the exclusive tail subtractions and the SIDIS radiative corrections have been evaluated in the same manner as [22] . Specifically, different models of the exclusive channels and the difference between the HAPRAD and the SIMC for the radiative corrections have been used to define the systematic uncertainties. The systematic uncertainties for these items are between 2% to 6% depending on the kinematics.
The systematic uncertainties of the results related to the central-value uncertainties of the variables (x bj , z h , Q 2 , φ h , P t ) have been evaluated by inserting the variable uncertainties to the bin-centering corrections, thus reflected in the extracted cross sections. The systematic uncertainties related to the bin-centering corrections are less than 3% with a kinematic dependence.
The main contributions of the systematic uncertainties are listed in Table. I. In the production run of E06-010, only one experimental configuration was used. Kinematical correlations are shown in Fig. 5 . Due to the Kinematical correlations, strict one-dimensional (1D) binning in which only one variable changes while all the other variables stay intact is prohibited.
In this paper, a set of pseudo-one-dimensional (pseudo-1D) bins is used for presenting the results. Pseudo-1D means that when the binning is in one variable, for example, x bj , the difference between one bin and another is not only in x bj , but in all the variables (x bj , z h , Q 2 , φ h , P t ) due to kinematical correlations. Pseudo-1D bins in x bj has 10 consecutive bins with almost equal statistics.
A set of two-dimensional (2D) bins is used to present the P t dependence of the cross sections. The set of 2D bins (10 × 10) consists of 10 P t bins in 10 ranges of x bj . The boundaries of the bins are set to make each bin contain almost equal statistics.
A set of three-dimensional (3D) bins is used to present the φ h dependence of the cross sections. The data are binned into two ranges of P t first. In each of the P t ranges, five x bj bins are defined. 10 φ h bins are defined in each of the 2 × 5 ranges of P t vs. x bj . Each bin of the 2 × 5 × 10 set has almost equal statistics. 
V. RESULTS
The extracted unpolarized SIDIS differential cross sections and the cross section ratios are compared with models in different bin sets in the following sections. Fitting the extracted cross section of the data in this study demonstrates the data's constraint on the parameters describing the SIDIS process. The plane wave impulse approximation (PWIA) treatment of the 3 He nucleus in the SIDIS process is adopted in this study, thus the modeled SIDIS cross section from 3 He is the same as the sum of the modeled SIDIS cross sections from two protons and one neutron.
A. Cross sections in pseudo-1D bins
The comparisons of the SIDIS differential cross sections from the data and the quark-parton model in pseudo-1D x bj bins are shown in Fig. 6 . The top panel in the figure is for the π + production channel 3 He(e, e ′ π + )X and the bottom panel for the π − production channel 3 He(e, e ′ π − )X. The vertical axis is the SIDIS differential cross section dσ/(dx bj dydz h dφ S dP
The total experimental systematic uncertainties using quadrature combination of all the sources are shown in the band at the bottom of each plot.
The SIDIS differential cross section from the model is defined in Eq (1) and the parameterizations of the Gaussian widths of unpolarized TMD PDF and FF are in the forms as in [17] , namely k 2 ⊥ = 0.14 GeV 2 and p
where a = 1.55 and b = 2.2 are slightly tuned from the values in one set of the HERMES data analysis inherited and cited by [17] . The Boer-Mulders TMD PDF and Collins TMD FF parameterizations were taken from [15] . The effect of the Boer-Mulders terms in the total SIDIS cross sections were found to be less than 2% in magnitude and opposite in sign for the π ± electroproduction channels. Terms with twists higher than those included in section II were neglected. The model calculates the sum of the cross sections from two protons and one neutron as an approximation for the 3 He nucleus. Agreement between the data and the model is observed.
B. The φ h dependence of the cross sections
The differential cross sections of SIDIS were extracted in 3D bins (2 × 5 × 10), to examine the φ h dependence of the cross sections in 2 × 5 ranges of P t vs. x bj . Bincentering corrections were used to remove the difference of all the variables except φ h from one bin to another in each of the P t vs. x bj ranges, therefore the 10 φ h bins in a certain range of P t and x bj differ only in the values of φ h . The comparisons of the SIDIS differential cross sections from the data and the models from [15] [16] [17] in Figs. 7 and 8. Comparisons between the data and the model from [17] with and without modulation are in Figs. 9 and 10. The comparisons show that the model from [17] compares the best with the data, while the model from [16] deviates the most from the data in most of the kinematic ranges.
The cross sections and corresponding kinematic variables are recorded in Tables. II and III in Appendix B.
C. The Pt dependence of the cross sections
To present the P t dependence of the SIDIS cross sections, 2D bins (10 × 10) of x bj vs. P t are used. Bincentering corrections were used to remove the difference of all the variables except P t from one bin to another in each range of x bj , therefore the 10 P t bins in a certain range of x bj differ only in the values of P t . The comparisons of the SIDIS differential cross sections from the data and the models from [15] [16] [17] are presented in Figs. 11 and 12. The comparisons show that the model from [17] compares the best with the data, while the model from [16] deviates the most from the data in most of the kinematic ranges. In the highest x bj ranges (corresponding to lowest P t ranges), the model from [16] gives better comparison than the models from [15, 17] , but still has sizable deviations from the data.
The cross sections and corresponding kinematic variables are recorded in Tables. IV and V in Appendix B.
D. The ratios of cross sections
The comparisons of the ratios (from the data and model) of SIDIS π + production cross sections over SIDIS π − production cross sections in pseudo-1D x bj bins are shown in Fig. 13 . The model parameters are the same as in part V A of this section. The systematic uncertainties from the acceptance and efficiency of electron detection in BigBite, are not included in the bottom systematic error band, as the electron part is the same in the SIDIS π ± production. In the plot, the error bars of the data points are for the statistical uncertainties of the data. The error bars of the model points are for the model uncertainties. In this study, the model uncertainties are defined by the quadrature combination of the differences of the ratios with and without the contribution from the Boer-Mulders terms, changing the width k ± production channels have opposite signs, and the changes of the cross section ratios due to turning off the Boer-Mulders contributions are 1% to 4%. The flavor dependence of the widths has not been included in the model, thus the widths do not differ in channels of the π ± production. Theoretically, if the π ± production SIDIS cross sections have the same transverse momentum dependence, their ratios at the same kinematics will be independent of the widths. Due to very small differences between the central values of variables in the π ± production channels, the effect of changing k 
E. Azimuthal modulation and stand-alone data fitting
Fitting the φ h distribution in each of the 2 × 5 ranges of P t vs. x bj in the 3D bins (2 × 5 × 10), with a simple function A·(1 − B ·cos φ h ), provides a naive probe for the azimuthal modulation effect in the data. The parameter B indicates the size of the modulation. The parameter Bs in all ranges are presented in Fig. 14. Due to a limited φ h range in the data and a large number of fitting parameters being used (A and B in one P t and x bj range differ from A and B in another range), the data do not provide good constraints on the Bs. Azimuthal modulation effects in the unpolarized SIDIS channel arise from the relative magnitudes of F 
where
The Boer-Mulders parts after convolution can be found in [15] .
The parameters being fitted are the Gaussian widths k The very different constraints of k 2 ⊥ vs. p 2 ⊥ using the functional form including all three structure functions (Fig. 15 ) and the functional form including only structure function F UU (Fig. 16) , come from the specific model formulation, namely F cos φ h UU and F cos 2φ h UU as in Eqs. (11) and (12) . These specific functional forms, when applied to the data in this study, would result in the intrinsic transverse momentum width k 2 ⊥ of the quarks in the nucleon being consistent with zero at small central values, which contradicts the results from the global analyses [15] [16] [17] . The effect of including the Boer-Mulders terms as parameterized in [15] was tested to be negligible (less than 2% in the kinematic range of this study).
To examine the data's constraint on the intrinsic widths with relaxed model formulations, two adjusted functional forms were used to do the fitting in the 3D bins with the φ h information. The first one includes the structure functions F UU and F 
VI. CONCLUSION
We report the first measurement of the unpolarized SIDIS differential cross section of π ± production from a 3 He target in a kinematic range 0.12 < x bj < 0.45, 1 < Q 2 < 4 (GeV/c) 2 , 0.45 < z h < 0.65, and 0.05 < P t < 0.55 GeV/c. Results in multi-dimensional bin sets show that the model from [17] compares the best with the data when approximating the 3 He nucleus as two protons and one neutron (PWIA) in the SIDIS processes. The existing models [15] [16] [17] in the framework of naive xz factorization and fitting different types of global data (multiplicities and/or asymmetries), deviate from our results to certain extents in different kinematic ranges.
Azimuthal modulations in unpolarized SIDIS are observed to be consistent with zero within the experimental uncertainties in this study. Using the specific functional form as in the global analysis [15] , the fitting results show that the width of quark intrinsic transverse momentum k 2 ⊥ is much smaller than the results from the global analyses of other types of data [15] [16] [17] . With relaxed model formulation, k 2 ⊥ and p 2 ⊥ are under looser constraint individually, while the combined quantity P 2 t is constrained by the P t behavior of the data. The widths k 2 ⊥ and p 2 ⊥ in the structure functions, related to the azimuthal modulations are determined consistently using the extracted cross sections with and without the information of φ h .
It is foreseeable that the simple formulation (naive xz factorization) based on simplified TMD factorization and the Gaussian ansatz needs to be updated to describe multiple types of data (multiplicities, asymmetries and cross sections) in different kinematic ranges, at the same time.
The future 12 GeV SIDIS programs at JLab with SoLID combining high luminosities and a large acceptance including a full azimuthal coverage [45, 46] will provide opportunities for precision measurements of the SIDIS differential cross sections as well as the azimuthal modulations in a broad kinematic range. These data will significantly benefit the developments of the TMD phenomenology and models. The numbers of events in a specific bin of data, weighted and non-weighted simulations are expressed as
where N data is the number of events from the data, N sim from the weighted simulation and N phs from the nonweighted simulation. live-time of the data-acquisition system and the target thickness (from the target density and the target length).
The description of experimental acceptance can be tested by using known channels, where extracted from the data is expressed as ( 
